
 

 

 University of Groningen

Josephson heterodyne detection at high thermal background levels
Poorter, T.

Published in:
Journal of Applied Physics

DOI:
10.1063/1.329957

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1982

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Poorter, T. (1982). Josephson heterodyne detection at high thermal background levels. Journal of Applied
Physics, 53(1), 51-58. https://doi.org/10.1063/1.329957

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.1063/1.329957
https://research.rug.nl/en/publications/55a525e9-d5bf-4c33-9f32-48e81761d9a5
https://doi.org/10.1063/1.329957


Josephson heterodyne detection at high thermal background levels
Tim Poorter

Citation: Journal of Applied Physics 53, 51 (1982); doi: 10.1063/1.329957
View online: https://doi.org/10.1063/1.329957
View Table of Contents: http://aip.scitation.org/toc/jap/53/1
Published by the American Institute of Physics

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1389932160/x01/AIP-PT/JAP_ArticleDL_0618/AIP-3106_JAP_Special_Topics_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Poorter%2C+Tim
/loi/jap
https://doi.org/10.1063/1.329957
http://aip.scitation.org/toc/jap/53/1
http://aip.scitation.org/publisher/


Josephson heterodyne detection at high thermal background levels 
Tim Poorter a) 

Kapteyn Astronomical Institute, Department of Space Research, University of Groningen, The Netherlands 

(Received 13 JUly 1981; accepted for publication 10 September 1981) 

Point-contact Josephson junctions with a submicron contact diameter have been used as high
frequency mixers (170-220 GHz) under high thermal background conditions. The junction is 
formed across a full height (0.56 X 1.06 mm2

) waveguide between a 3-5-flm thick Nb whisker and 
a 0.2-mm diam Nb center conductor of a coaxial line. The best single-side band mixer-noise 
temperature that was measured is 165 K (± 25%) with a corresponding single-side band 
conversion efficiency of 0.36 ± 0.03 (a loss of 4.5 ± 0.4 dB) at a signal frequency of 185 GHz, 
including losses in the coupling horn and the waveguide. The performance was measured with the 
hot-cold source technique. The effects of nonheterodyne response in that situation were 
investigated in detail. Thejunctions have been operated in a coherent receiver that can be used on 
a telescope with only small adaptations. The instantaneous bandwidth of the receiver is about 20 
GHz. 

PACS numbers: 07.62. + s, 85.25. + k, 74.50 + r 

I. INTRODUCTION 

Josephson junctions have proved 1-3 to be very efficient 
mixers in mm wave heterodyne detectors. Although their 
intrinsic noise is significantly above the thermal noise Iimit4

.
5 

they show much lower mixer-noise temperatures than exist
ing cooled Schottky-diode mixers.o It would therefore be a 
definite advancement if a Josephson mixer could be incorpo
rated in a receiver that can be used on a telescope. Although 
the recent development of superconductor-insulator-super
conductor tunnel junctions as quasiparticle mixers 7-9 is very 
promising, it is not impossible that at frequencies above 200-
300 GHz the advantages of point contacts over those of 
evaporated tunnel junctions will favor the use of point-con
tact Josephson junctions. 

In this paper, results of niobium-niobium point-contact 
Josephson junctions as a mixing element in a 170-220 GHz 
heterodyne receiver using an externally generated local os
cillator (LO) are presented. The junctions are operated under 
high thermal background conditions (no cold attenuators at 
the signal frequency), as is the case in an operational receiver. 
The receiver is developed such that it is ready for use on a 
telescope. 

The quality of the total receiver and of the conversion 
efficiency 11 and noise temperature Tm of the mixer have 
been determined using a blackbody thermal source at two 
different temperatures as a signal source. However, especial
ly with Josephson junctions one has to be very careful using 
this hot-cold method because a strong nonheterodyne re
sponse can occur which can be confused with the heterodyne 
response. This may either lead to a severe overestimate or a 
severe underestimate of the performance of the mixer. 

The most familiar type of nonheterodyne response 10 oc
curs when a junction is dc biased from a high impendance 
source. However, it will be shown that also in the case of a 

-IPresent address: Philips Research Laboratory, 5600 MD Eindhoven, The 
Netherlands. 

dc-voltage bias a very large non heterodyne response can oc
cur for contacts with a relatively high surface pressure. 
These junctions have normalized differential resistance 
(Rd I R ) values equal to or larger than predicted by the Resis
tively Shunted Junction (RSJ) model. 5 This can be explained 
by a small hysteresis in the averaged current-voltage (I-V) 
curve, which is hidden by thermal noise rounding. 1 1.12 

It will be shown that Josephson junctions which lack all 
hysteresis can be produced with Nb whiskers with a diame
teJ of about 5 flm. These junctions have RdlR values which 
are much lower than predicted by the RSJ model; however, 
they show a high conversion efficiency (11=0.4) and low val
ues of Tm =200 K around 200 GHz, while no nonhetero
dyne response is present when they are voltage biased. 

From the measurements on these two types of junctions 
it can be concluded that it is always necessary to measure the 
spectrum of the hot-cold heterodyne response of a Josephson 
junction (e.g., with a Michelson interferometer) to certify the 
absence of nonheterodyne response, also when the junction 
is dc-voltage biased. Because of the absence of these spectral 
measurements on most Josephson heterodyne receivers that 
have been reported in the literature, some of these results 13.14 

must be looked upon with suspicion. 
The design of the mixer is discussed in Sec. II and the rf 

and intermediate frequency (i.f.) sections of the total receiver 
are described in Sec. III. In Sec. IV the characteristics of our 
junctions are discussed. The calibration of the total receiver
noise temperature Tr and the calculation of 11 and T m of the 
mixer from the hot-cold measurements is treated in Sec. V. 
In Sec. VI the nonheterodyne response is described that can 
occur even when the junction is voltage biased. The mixer 
performance of our low-pressure-type contacts is presented 
and compared with the theory in Sec. VII. 

II. THE MIXER 

A cross section of the mixer is shown in Fig. 1. It con
sists ofa Nb detector block with a 0.56 X 1.06 mm2 rectangu
lar waveguide, which is made through it using the spark-
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FIG. I. Cross section of the mixer mount. The waveguide dimensions are 
0.56 X 1.06 mm'. The coaxial line has a choke in it to confine the rfsignal to 
the waveguide; its dimensions are to scale. The waveguide is terminated 
with an adjustable back-short. 

erosion technique. The waveguide wall was electropo
lished 15 in a solution of85% pure H 2S04 and 15% HF (conc. 
40% in H20) to remove the severely damaged surface layer. 

The point-contact Josephson junction is made between 
the 0.2-mm diam Nb central conductor of the coaxial line 
(the anvil) and a 3-S-,um diam Nb whisker. The wire for the 
whisker is obtained by electropolishing 15 of a 25-,um diam 
wire. It is then point-welded under tetrachloromethane to 
the 0.3 X 0.9 mm tip of a 2-mm diam Nb pen and shaped such 
that it acts like a spring. The whisker is cut to the necessary 
length with a very small chisel such that the top angle of the 
point is about 30°. The small ravels that exist at the point 
after cutting are removed by electropolishing it for several 
seconds. The radius of curvature of the point is roughly 2,um 
in one dimension and about 0.4 ,urn in the other. It is found 
experimentally that for a compression of the spring of about 
10,um and a ratio of the size of the spring to the diameter of 
the wire larger than about 15-20, the pressure in the contact 
is so low that only a small plastic deformation takes place. 
The surface area of the junction is then smaller than about 
0.5 X 1.0,um2 for a 5-,um diam whisker. The surface of the 
anvil is electro polished for several minutes to decrease the 
size of the surface irregularities to smaller than about 0.5 
,urn. Both the whisker and the anvil are etched in HF to 
remove the oxide layer that exists on the surface after elec
tropolishing. The junction is then made at room temperature 
after only several minutes of oxidation in air, and cooled to S 
K within an hour. If necessary, the junction can then be 
broken and remade by raising and lowering of the post. 

The Nb anvil is fitted with an rf choke to prevent leak
age of rf signal from the waveguide. The choke effectively 
lowers the rf impedance at the entrance of the i.f. coaxial line 
to such a low value compared with the waveguide and junc
tion impedances that the rf signals are undisturbed by the 
hole. The choke is shown to scale in Fig. 1 and is an improve
ment l6 over a series of Arf /410ng, low and high impedance 
coaxial sections. It has a rejection ratio greater than 24 dB at 
160-240 GHz and greater than 22 dB at 320-480 GHz for 
the fundamental rf frequency and its second harmonic, re-
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spectively.16 The first section of coaxial line is made in a 
separate Nb cylinder. Apart from the rf choke it consists of 
two parts. First, a I-mm long soon coaxial line with a teflon 
dielectric, and then a 3-mm long 50-n coaxial section where 
the anvil is cast in Deltabond 17 epoxy. The Deltabond sec
tion ensures a good thermal contact between the anvil and 
the mixer block. The teflon section is a barrier between the 
Deltabond and the etching fluid which would be absorbed in 
the Deltabond and contaminate the junction upon evacua
tion of the cryostat. The cylinder is made ofNb because it is 
highly resistant to HF which is u"led to etch the anvil. It is 
glued 1M to a Slightly adapted sub miniature series A (SMA) 
coaxial chassis connector. 

III. THE RECEIVER 

A. The rf system 

The receiver is designed such that it is compatible with a 
telescope with only small external adaptations. It is built in 
an all metal cryostat I'! that contains 0.8 (ofliquid nitrogen 
(LN 2) and 1.1 fof liquid helium (LHe). Radiation is fed into 
the waveguide with a circular horn. An adjustable teflon lens 
just outside the dewar transforms the fll.S beam of the horn 
to an approximately parallel one. The mixer is protected 
from short-wavelength thermal radiation by two cooled fil
ters (see Table I) but no attenuators are present at the signal 
frequency. The LO at 180 ± 6 GHz and 224 + 8 GHz is 
obtained by frequency doubling the output oftwo Varian 
klystrons. It is coupled to the junction by means of a 100-,um 
thick mylar beam splitter with a reflection of 28 + 2 % and a 
transmission of 72 ± 2%, at 200 GHz. This lar;; reflection 
coefficient is necessary because only a doubler with a very 
low efficiency is at our disposal. 

The noise temperature T, of the receiver has been mea
sured with the hot-cold method. The receiver is then alter
nately exposed to radiation from blackbody sources (Ecco
sorb AN-72) at 294 and 77 K, respectively (with an assumed 
emission coefficient of 1). If the receiver is used on a tele
scope, the available LO power is increased by using a more 
efficient doubler. A much thinner mylar beam splitter can 
then be used, resulting in a much higher transmission of the 
signal. T, will therefore be related to the effective signal
temperature difference in front of the Teflon lens: 294 K for 
the hot source and 0.72 X 77 + 0.28 X 294 = 138 ± 3 K for 
the cold source. 

In addition to T, It is also desirable to measure the per
formance of the Josephson mixer itself so that it can be com-

TABLE I. The attenuation and reflection values (at 180 GHz) of the compo
nents between the outside of the cryostat and the horn. with their respective 
physical temperatures. 

T(K) 

Teflon lens 294 
TPX vacuum window294 
Black polyethylene 90 ± 10 
CdO embedded in 

polyethylene 10 ± 5 

atten (%) refl(%) 
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pared with theoretical calculations. However, because of a 
lack of mm wave equipment it was not possible to measure 
the efficiency of the hom and the losses in the mixer block. 
Therefore the mixer noise temperature Tm and the conver
sion efficiency 1'/ that are calculated include the effects of 
these two coupling losses. The effective source temperatures 
seen by the mixerblock-horn combination can be found us
ing the data from Table I; we find for the hot source 235 ± 10 
K and for the cold source 133 ± 10 K. 

B. Intermediate frequency system 

The first stage of the amplification chain is a 4.75-5.0 
GHz room-temperature parametric amplifier (AIL model 
P544) with a noise temperature of 80 K. The total i.f. attenu
ation between the SMA connector on the mixer block and 
the parametric amplifier is 1.5 ± 0.1 dB. The main contribu
tion to this attenuation is from a 200-mm-Iong section of 
Beeu coaxial line (UT-T-85-50-B-B) that is used to reduce 
the heat input to the LHe bath to about 30 m W. 

An interference of the pump frequency of the paramet
ric amplifier with the junction, as found by Adde et al., 20 

does not occur. This may be due to the high frequency of the 
pump (50 GHz), which is rather strongly attenuated by the 
coaxial line, and to which the junction is less sensitive than to 
lower pump frequencies used in some other types of para
metric amplifiers. 

The i.f. system is calibrated by replacing2
.4 the Joseph

son junction with a point contact between two normal metals 
(copper), and measuring the noise-output power Pj,f as a 
function of the resistance value R of the contact, both at 5 
and 77 K. Since tUif. <k8 T If! where k8 and 21Tfz are Boltz
mann and Planck constants, respectively, Pj,f. is a linear 
function of temperature T and can be given by 
Pi.[, = A T + D, where A and D are functions of R. From this 
an effective output noise temperature, 2 

Tout = (Pi.[ - D )IA (1) 

can be determined for a Josephson junction by measuring 
Pjf and the differential resistance Rd = dV Idl, which is the 
i.f. output impedance' of the junction, and using A and D for 
Rif, = Rd (V and i are the time-averaged voltage across and 
current through the junction, respectively). The uncertainty 
in Tout is estimated to be ± 1 K plus 2% of Tout. 

The noise temperature Tif of the i.f. system, at thejunc
tion, has also been calculated from the calibration. It reaches 
a minimum of 180 ± 5 K for R = 50 ± 10 fl, where the 
match between the mixer and the amplifier is almost ideal. 

IV. JUNCTION CHARACTERISTICS 

The typical product of the zero-voltage Josephson su
percurrent Ie and the normal-state resistance R for our low
pressure contacts (see Sec. II) is 1.2-1.8 mV for resistance 
values of about 50 fl. This corresponds to about 0.5-0.75 of 
the theoretical maximum IeR produce! for Nb-Nb junc
tions. The normalized signal frequency fl, = fztUJ2eIe R is 
then 0.2-0.4 for a signal frequency of 170-220 GHz. These 
values of fl, are optimum,,22 for heterodyne detection. The 
resistance value of a newly made junction is usually about 
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100 fl. It can be reduced to a desired value by burning in of 
the contact. 23 The (R product usually increases 10-20% 
for a reduction of R from 100 to about 30 fl. The 1- V curves 
oflow-pressurejunctions show no sign of hysteresis. A typi
cal 1- V curve is shown in Fig. 2. The maximum value of 
Rd IRis usually much lower than predicted by the RSJ mod
eP and quite often smaller than unity, as was also observed 
by others2 for resistance values above 50-80 fl. This is also 
the case when Ie is reduced by rf radiation. Notwithstanding 
the deviating behavior of R d , these low pressure junctions 
are excellent high-frequency mixers (see Sec. VII). 

When the surface pressure in the contact is increased by 
decreasing the ratio of the size of the spring and the diameter 
of the whisker to about 10 or less, the junctions almost al
ways have a slightly hysteretic 1- V curve. In this case it is 
even easier to obtain good IeR products (up to 2.5 mV for a 
lO-fl junction). Whether this small hysteresis is caused by 
heating effects can be inferred from a paper by Tinkham et 
al. 24 The temperature in the center of a Josephson junction 
with a three-dimensional cooling geometry is given by24 

1j = [n + 3(eV!21Tk8)2rl2, 

where Tb is the temperature of the mixer block and V is the 
average voltage across the junction. At a halfway point along 
the bias voltage on the step caused by the LO at about 200 

- 4' GHz, 1j = 5.04 K for Tb = 5 K, and V = 2* 10- V. ThiS 
suggests that no significant influence exists on the value of 
the supercurrent, which is confirmed by the power dissipa
tion P in the junction. With Ie = 30 /-lA, R = 50 fl, and 
V = 2* 10-4 V, we have P = 3* 10- 8 W. The normalized 
critical current is then given by24 exp [P I Po] = 0.997, where 
Po is assumed to be 10- 5 W for which the behavior of our 
LO-induced step heights is in rather good agreement with 
the calculations of Tinkham et al. 24 From these values it can 
be concluded that the usually small hysteresis is not induced 
by heating and must instead be caused by a capacitance in 
the junction. This can be made plausible as follows. For this 
type of whisker the sharpened point of the whisker usually 
shows some flattening of the order of 1-2 /-lm when the 
cryostat is reopened. At the same time the hysteresis tends to 

50 

25 

O~--~-----L--__ ~ ____ L-__ ~ ____ ~ 

o 0.5 1.0 
V(mV) 

FIG, 2. Typical 1- V curves of a low surface-pressure-type Josephson junc
tion without radiation and exposed to l85-GHz LO power such that I" is 
about 50% reduced. compared with the normal state resistance. 
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increase after breaking and remaking the contact. When 
such a contact is burned in (e.g., from 100-30 n) there is 
quite often no significant change in the hysteresis. Since 
burning in of the contact probably does not change the ca
pacitance in the junction, the normalized hysteresis param
eter25 Pc = 2efcR 2C If! will decrease linearly with R, sug
gesting a decrease in the hysteresis. However, at the same 
time the normalized noise parameter r = 2ek8 T If!( also 
decreases linearly with R. This means that the noise round
ing 12.26 of the f- V curve decreases, so that the actual hyster
esis in the f- V curve caused by the capacitive shunt could be 
approximately constant for decreasing R, which is in agree
ment with the observations. 

This reasoning can also be applied to the hysteretic con
tacts that Claassen et al. 2 obtained for other than Nb-Nb 
point contacts. Since they decrease their junction resistance 
by increasing the pressure on the contact it is possible that 
the decrease in R is com pensated by an increase in C, thereby 
keeping Pc approximately constant. Because r again de
creases for decreasing R, the hysteresis in the f- V curve will 
then increase for decreasing R as they observed. The pres
ence of a fairly large capacitance in their junctions seems not 
impossible, considering the crude manner of fabrication. 
Therefore it is quite likely that the hysteresis found in their 
junctions is not only caused by self-heating but also by the 
contact capacitance. 

At first sight, slightly hysteretic junctions with the 
high-pressure type of contacts appear to be quite useful be
cause the development of rf-induced steps on the f- V curve 
can be very pronounced. An example is given in Fig. 3. How
ever, when it is used with a voltage bias so that it can be 
operated as a mixer, this type of junction does not show very 
good mixing but shows a very large nonheterodyne response 
to a thermal source, in spite of the voltage bias (see Sec. VI). 
When this type of junction is not hysteretic but does have 
large values of RdIR, it can be used as a wide-band detector 
with a very large responsivity. The largest responsivity that 
we measured is about 5* 106 V IWex , , which is a factor of 10 

75 

50 

25 

R=30orm 
Ic=325J,JA 

os 1.0 1.5 
V(mV) 

FIG. 3. Typical set of [- V curves ofa relatively high surface pressure, slight
ly hysteretic junction exposed to increasing levels of 212-G Hz radiation. 
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larger than reported by us earlier. 27 However, the noise char
acteristics were not measured in this case so that the noise 
equivalent power was not necessarily much better- In this 
case, the response was larger than the theoretical value.28 

This large wide-band responsivity is in fact responsible for 
the large nonheterodyne response, present even in the volt
age-biased mode, as we shall see later (Sec. VI). 

From a comparison of both high- and low-pressure 
types of contacts it is clear that only the latter are suited for 
heterodyne detection. This will be shown in Secs. VI and 
VII. 

The unperturbed J- V curves show a nonlinearity at 
about 2.8 m V which corresponds to the gap voltage at T = 5 
K, and a pronounced excess current with respect to V = JR. 
The stability of our junctions is good. They can be kept un
changed for many days when the cryostat is refilled on time. 
Heating of the cryostat to room temperature sometimes de
stroys the contact, possibly due to outgassing in the cryostat 
which can contaminate the junction. 

V. DETERMINATION OF THE MIXER AND RECEIVER 
PERFORMANCE 

The performance of the mixer and the receiver is deter
mined by measuring P i .f for a hot and a cold thermal source 
(see Sec. III). For both source temperatures, PiC can then be 
converted to an effective output temperature Tout ofthe mix
er, with Eq. (1). Tout consists of two different components, 
the mixer noise temperature T m referred to the input of the 
mixer, and the blackbody radiation temperature Ts to which 
the junction is exposed. Both are multiplied by the conver
sion efficiency 1] of the mixer. 

(2) 

T, is multiplied by 2 because there are two frequency bands 
at (VLO ± (ViC which are down-converted by the mixer; the 
mixer acts as a double-side band (OSB) mixer- When T;,ut is 
measured for two different values of T, the single-side band 
(SSBI conversion efficiency 1] of the mixer is directly ob
tained from 

1] = .1 Tout 12.1 T,. (3) 

This is done for the mixer-hom-waveguide combination 
with.1 T, = 100 ± 7 K in front of the horn. Combining Eqs. 
(2) and (3) then results in a SSB mixer-noise temperature Tm: 

(4) 

The mixer noise level at the input of the mixer can be 
characterized' by a parameter f3 2 which is defined as the 
square of the ratio of the effective output noise current at the 
iJ. to the Johnson noise current associated with the shunt 
resistor in the Josephson junction (RSJ model); P 2 can be 
written as 2.4 

(5) 

The figure of merit for the entire receiver is the receiver 
noise temperature T r • It is experimentally determined by 
measuring the ratio y of PiC for two different values of T,. Tr 

is then obtained2
,! from 

Tr = 2(T" - yT,)!lY - 1), (6) 
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where Th and Te are the temperatures of the hot and cold 
sources, respectively. Because of the factor 2 in Eq. (6), Tr is 
also a SSB temperature. For this measurement it is not neces
sary to measure the absolute level of Pi.f .. The connection 
between Tr and the mixer performance itself is found when 
Tr is calculated with the values of Th and Tc in front of the 
horn instead of in front of the Teflon lens. Then a net SSB 
receiver temperature T~ is obtained. This T~ is by definition 
equal to 

where T.f/Tj is the effective noise temperature of the iJ. 
system at the input of the mixer; Tir. is obtained from the 
calibration of the i.f. system. Tr and T~ are connected by 

Tr = (L - I)TphYS + LT~, (8) 

where L is the loss between the outside of the dewar and the 
front of the horn and Tphys is the effective physical tempera
ture of this loss. Both can be calculated from Table I: 
L::~::: 1.52 (1.8 dB) and Tphys :::::::80 K. 

The actual hot-cold measurement has been done in both 
a dc and an ac manner. In the ac mode a chopper is used with 
blades covered with a sheet ofEccosorb AN-n at room tem
perature and with Eccosorb immersed in LN 2 behind it. This 
ac method is very useful in quickly finding the optimum LO
power level, bias voltage, and back-short position. Once this 
optimum is found the absolute value of Pi.f. is measured for 
both the hot and the cold source (dc method). These values 
correspond to two values of Tout from which Tj, T m' Tn and 
r: are calculated. 

VI. NONHETERODYNE RESPONSE OF THE MIXER 

The determination of the performance of the mixer and 
r~ceiver as described in Sec. V will only give a reliable result 
when Pi.f . is not influenced at the same time by wide-band 
response effects. However, not only the thermal radiation in 
the frequency intervals B i .f . at {LILO ± {LIif. are coupled to the 
junction. Radiation with a bandwidth far greater than this 
will couple to the junction with similar efficiency. This radi
ation will also reduce Ie when it is already partially reduced 
by the LO power. When the junction is biased from a high
impedance source, V will then change, resulting in a change 
in P i .f . This response can have a positive or a negative sign 
and is present in addition to the heterodyne response. How
ever, this effect can be easily suppressed by biasing the junc
tion from a very low-impedance source, 10 thereby effectively 
applying a constant voltage bias. This has the additional ad
vantage of the mixer being virtually insensitive to small vari
ations in the LO power and a possible temperature change of 
the detector. In our receiver we can switch between a quasi
current bias (source impedance Rs:::::::10 kn ) and a quasivol
tage bias (Rs:::::::1 n ) while at 4.2 K; the I-n source impedance 
exists only for frequencies < {LIi.f. so that the i.f. output im
pedance of the mixer is not affected. 

A disadvantage ofthe voltage bias is that it is also possi
ble to operate slightly hysteretic junctions as mixers. This 
can have a very disturbing effect. We have found that for this 
type of junction and for junctions with a continuous 1-V 
curve with R dm" / R > I, a very large nonheterodyne response 
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to a hot-cold signal can occur, even when Vis held constant. 
This response can have the same sign as the heterodyne hot
cold response, as opposed to the experience of others. iO This 
will occur for junctions that show an anomalous behavior of 
Pir as a function of the LO power. This anomaly consists of a 
strong increase of Pi.f . for increasing LO power or an increas
ing level of wide-band radiation. It can occur very locally in 
the 1- V domain limited by 0 < V < WLO /2e and 0 < i < (. 
The heterodyne and wide-band response components can be 
discriminated by using a Michelson interferometer with a 
Mercury arc as a thermal source. 10 An example of this meth
od is given in Fig. 4 for the junction of Fig. 3. The actual 
spectral response of Pir to a thermal source is given in Fig. 
4(b) where the two spectra of Fig. 4(a) are subtracted to re
move the response due to a modulation of the LO coupling 
by the interferometer. There is hardly any residual response 
at {LILO ± {LIir . The very large hot-cold response, which was 
of the correct sign, is therefore not a heterodyne response but 
almost entirely a wide-band response. If it would have been 
interpreted as a heterodyne response, a noise temperature 
T ~::::::: lOOK would result suggesting conversion gain in the 
mixer (since Ti.£. ::::::: 180 K) a virtual impossibility at this sig
nal frequency. Although the junction was slightly hysteretic 
without LO power, the hysteresis had disappeared at the LO 
power level necessary to reduce Ie to about 50%; at this level 
the maximum response was found. 

The spectrum in Fig. 4(b) is equal to the wide-band re
sponse spectrum that is obtained in the ordinary manner27

,28 
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FIG. 4. Michelson spectra of the response of P, f. to a thermal source for a 
30-!) junction of Fig. 3 with ( reduced to about 50% by 225-GHz LO 
power and at a bias voltage of about IituI.O/4e. (a) shows the spectrum with 
the Hg-arc source on (heavy line) and off (dashed line). The large peak at 
"'w occurs because of the modulation of the coupled LO power by the 
interferometer. (bl is the difference between the two spectra and gives the 
actual spectrum of the hot-cold response. It is clear that most of this re
sponse has no relation to (uw and is therefore a wide-band response. 
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same back-short position. It is almost completely deter
mined by the spectrum of the coupling of radiation to the 
junction. Since the back-short was adjusted to maximize the 
total hot-cold response, it is to be expected that the hetero
dyne response in this case can be improved by optimiZing the 
back-short for the signal frequency. However, that is not a 
simple procedure without a suitable monochromatic signal 
source. It is clear that the wide-band response spectrum can 
be used to find a geometry that gives optimum coupling of 
radiation at the intended signal frequency. 

The nonheterodyne hot-cold response occurs most of
ten for junctions that tend to have a hysteretic 1- V curve and 
that are of the high surface-pressure type (see Sees. II and 
III). That means that they have larger values of rd = Rd/R 
than predicted by the RSJ mOdel; this is often the only clue to 
a small hysteresis hidden in thermal noise. '1 ·

12 Since the de
termination ofthe spectrum of the hot-cold response with an 
interferometer is the only way to make sure that the response 
is caused by mixing, heterodyne measurements that show 
conversion in an anomalous way and that have not been 
checked with an interferometer 1,.14 are suspicious. 

VII. HETERODYNE RESPONSE 

With our low surface-pressure contacts it is possible to 
make Josephson junctions that exhibit very good mixing re
sults at a frequency of about 200 GHz. The parameters of a 
representative set of junctions are given in Table II for an LO 
frequency of 185 GHz; for LO frequencies of 207 and 220 
GHz only the performance of the best junction at each fre
quency is given. The performance was measured each time 
with the hot-cold response, the spectrum of which was veri
fied with a Michelson interferometer. It always consisted for 
more than 95% out of a heterodyne response. The effect of a 
changing r d in the bias-point, caused by wide-band response 
to the thermal source (as found by Claassen et al. 2.5) hardly 
occurred in our measurements. Its influence on the change 
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FIG. 5. Dependence of 1], Tm , and rd on the bias voltage for ajunction with 

R = 80 n and I, = 16 /l-A at a temperature of 5 K. VLO = 185 GHz so that 
the normalized signal frequency is n, = 0.3. 

of PI.f. was always smaller than 5% of the change of Pif. by 
the heterodyne response. This may be partially due to the 
low values of rd for which the change in rd by noise rounding 
is always small, and also due to the small dependence of Tif. 

on Rd near the optimum resistance value. . 
An example ofthe behavior of Tm , 1], and rd on the bias 

voltage is shown in Fig. 5 for a typical junction at a tempera
ture of 5 K. An accurate comparison of our results with 
calculations based on the RSJ modeI5

•22•
30 is not possible for 

several reasons. First of all, our val ues of T m , 1], and /3 2 are 
measured for the mixer including the waveguide structure 

TABLE II. The important parameters of a number of low-pres sure-type junctions used as mixers. For 185 GHz a representative set is given, while for both 
207 and 220 GHz the performance of our best junction at each frequency is given. All 14 are different junctions, notwithstanding the fact that the resistance 
values are sometimes identical. The normalized signal frequency n, is in each case 0.25-0.30 and the junction temperature is 5 K. The performance is always 
measured with the hot-cold response only. For all parameters the SSB values are given. In the values for 1], T m ,/3 2 and T~SSB the losses in the mixerblock-horn 

combination are included. The values for T'SSB include all losses between the mixer and the outside of the receiver. They are given for both the current iJ. 
system and the planned low-noise FET amplifier. 

T,ss,,(K) T,ss,,(K) 
nr. R (f}) Rd(n) r/"" Tmss,,(K) /3' T" rSSB (T" "" 180 K) (T" = 20 K) v(GHzl 

I. 55 60 0.24 290 13 1040 1660 650 185 
0.15 640 18 1840 2880 1250 220 

2. 56 40 0.36 165 17 665 1090 415 185 
3. 125 150 0.14 680 16 2500 3800 1330 185 
4. 56 75 0.28 450 19 1160 1850 870 185 
5. 44 60 0.37 265 14 750 1220 565 185 
6. 56 60 0.23 215 9 1000 1600 540 185 
7. 45 40 0.24 200 11 950 1520 510 185 
8. 60 40 0.17 380 19 1440 2260 840 185 
9. 65 45 0.15 310 13 1600 2500 750 185 

10. 55 36 0.14 180 8 1700 2660 570 185 
II. 80 56 0.36 180 18 680 1110 440 185 
12. 80 40 0.36 250 14 820 1320 540 185 
13. 50 45 0.38 210 18 690 1\30 480 207 
14. 50 70 0.40 240 14 730 1190 520 220 
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and the microwave horn of which we cannot measure the 
losses; a loss of2 dB, however, seems not unrealistic. Fur
thermore our mixer is not protected by cooled narrow-band 
signal filtering, so that it is exposed to a high background 
level of thermal radiation in contrast with the situation in the 
calculations. Finally, there is some discrepancy between the 
results of different authors and also some unclarity about a 
possible divergence in 'I'J which can occur22 in connection 
with a significantly larger Tm for a very specific value of fls 
and r. The high conversion efficiency shown in Fig. 7 of Ref. 
22, for instance, is apparently chosen so that it occurs direct
ly next to the divergence at r = 0.006 (Fig. 8 of Ref. 22). It is 
not clear whether such a divergence will occur in an actual 
Josephson mixer. 

A qualitative comparison between the calcula
tions5.22.30 and our results is possible, however. In our junc
tions there is always a rather smooth maximum in 'I'J and a 
smooth minimum in T m for an LO power such that the su
percurrent is reduced to about (0.4-0.8) Ie as expected from 
the RSJ model.5 This in contrast with the nonheterodyne 
response described in Sec. VI. 

In comparing the experimental mixer-noise tempera
ture with the RSJ model we see that the lowest value T m 

= 165 K in Table II results in Tm/T~35, which is similar to 
that calculated by Claassen etal. 5

, but a factor of three larger 
than calculated by Taur. 22 The dependence of T m on the 
average-bias voltage normalized with respect to the voltage 
of the first rf-induced step, i1 = V (IUuLO /2e) - I, shows a 
minimum somewhat below i1 = 0.5, which is in good agree
ment with the RSJ modeI. 5

•
22 The typical accuracy of Tm is 

20--25%. 
The conversion efficiency 'I'J always shows a maximum 

for i1~0.5, in agreement with the RSJ model. The absolute 
values of'I'J are in rather good agreement with the calcula
tionss.n .3o when the effects of a divergence are omitted. For 
eachjunction 'I'J is approximately proportional to r d' which is 
in agreement with the analog computer calculations of 
Claassen et al.s; see Fig. 5 where rd is shown for comparison 
with 'I'J. The typical accuracy of'I'J is about 10%. 

The values for the noise parameter {J 2 in Table II are 
about 2-3 times the values obtained by Claassen et al. 4.5 from 
their electronic simulator of the RSJ model. This cannot be 
explained by the effect of external thermal radiation because 
in Eq. (4) this influence is taken into account by subtracting 
2Ts from Tout/'I'J, so that in Eq. (5) only the internal noise is 
represen ted by T m' Our values of {J 2, however, are only a 
little larger than that found by others4.5 for the same value of 
fl,. Since'I'J is proportional to rd , it follows from Eq. (5) that 
{J 2 is proportional to T m . The dependence of {J 2 on i1 there
fore shows a minimum for i1 "'0.5, in agreement with the 
dependence expected from the RSJ model. 4.5 

From this comparison it can be concluded that there is a 
good qualitative agreement between our results and the RSJ 
model. In addition the quantitative results show no large 
discrepancy, certainly when the losses in the mixerblock
horn system would be taken into account. 

From the measurements it appears that there is an opti
mum value of R andR d around 50--60flin our mixer design. 
This optimum is not influenced by the fact that T..f is mini-
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mum at an input impedance of about 50 fl because in the 
calibration described in Sec. III B the IF coupling of the 
mixer with the iJ. system is already taken into account. The 
optimum could be caused by an optimum in the coupling of 
radiation to the junction when its resistance is above 50 fl, 
while the conversion increases22 for a lower value of r occur
ring at lower values of R (F - R - I). This might explain the 
higher value of optimum R in our case compared with an 
optimum value of about 30 fl found by Taur et al. 3 in a 
reduced height waveguide with a lower characteristic im
pedance than the full height waveguide in our system. 

Table II also gives the SSB values of Tr and T~ for our 
system with the parametric amplifier as a first stage iJ. am
plifier (T..f. ~200 K at the mixer). If a state of the art cooled 
FET amplifier (Ti.[ = 20 K) was incorporated in our system 
the resulting values of T,r (TiC = 20 K) for the total system 
can be calculated from Eqs. (7) and (8). They are also given in 
Table II. In that case the best value of the SSB receiver-noise 
temperature Tr (TiC = 20 K) would be as low as 400--500 K 
for a signal frequency of 170--220 GHz. The instantaneous 
bandwidth is about 20 GHz so that to span the entire fre
quency range it is necessary to slightly adapt the configura
tion of anvil and whisker-post to optimize the coupling at the 
desired frequency. 

VIII. CONCLUSION 

We have found that point-contact Josephson junctions 
can be excellent high-frequency mixers under high back
ground levels when the junctions are made with a sufficient
ly low surface pressure. In the geometry that we used, the 
best junction that was produced showed a SSB mixer-noise 
temperature of 165 K ( ± 25%) with a SSB conversion effi
ciency of 0.36 ± 0.03 (a loss of 4.5 ± 0.4 dB) at a signal 
frequency of 185 GHz. In this figure the losses caused by the 
microwave horn, the waveguide, and the back-short are in
cluded so that the actual mixer performance is even better. 
This performance is comparable to what may be expected 
from the RSJ model. When this best junction is used in our 
receiver with a state of the art low-noise i.f. amplifier (Tif. 
= 20 K) a SSB receiver-noise temperature of 415 K is 

reached. With a small geometrical adaptation ofthe junction 
electrodes the receiver can be used in different intervals of 
the full frequency range of 170--220 GHz; the instantaneous 
bandwidth is then about 20 GHz. The stability of our junc
tions is good enough that they can be used on a telescope. 

Also an important result is that when high-pressure
contact Josephson junctions are used, a very strong non
heterodyne response to a hot-cold signal can occur, even in 
the voltage-biased mode. This response can be of the same 
sign as the heterodyne response and can easily be mistaken 
for it. It can suggest a much better heterodyne performance 
than is actually the case. 

Our Josephson heterodyne receiver is the first to show a 
good behavior as a high-frequency mixer at a high thermal
background level. This is in contrast to other receivers2.3 at 
lower signal frequencies that incorporated cooled lossy ele
ments to reduce the influence of room-temperature wide
band radiation. 
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